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We consider the possibility of improving the range or along-beam spatial resolution of a pulse radar 
through oversampled observations. Radar observations are related to the state of an atmospheric volume, 
about half a pulse-length in size along the beam. The sampling distance of observations (gate separation) 
may however be much shorter. As a consequence, such observations become strongly correlated. Still, they 
will  also contain independent information. We have constructed a deconvolution algorithm and study its 
efficiency using simulated observations based on actual 95 GHz (SPIDER) observations. Initial results 
show that the success rate of the algorithm depends on the number of independent samples Nindep on which 
the observation is based, and the noise level of the receiver as well as the abundance of oversampled 
observations. This work is relevant to the space missions CloudSat and EarthCARE. 
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INTRODUCTION 
It is usually assumed that the range or along beam resolution of a radar is determined by 
its pulse-length. A careful analysis involves the range weighting function W , which 
determines the relative contributions of different parts of the atmosphere to the voltage 
measured at the receiver.  This range weighting function depends on both the emitted 
pulse-shape and the receiver filter characteristics. Total expected power is given by the 
well-known expression (e.g. Doviak & Zrnic 1993):            
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where the pre-factors are related to calibration and the beam pattern, while r is the 
distance and )(rη the atmospheric backscatter profile along the beam . We have ignored 
attenuation as it is not relevant to the present study. The range or along beam resolution is 
often defined as the width of 2|)(| rW  at the 3 dB or 6 dB level. For a radar with a 
matched receiver filter, the width at 6 dB corresponds to about half a pulse-length. This 
would be the extent of atmosphere that significantly contributes to the power observed in 
a single radar range gate. 
 
Consequently, many radars only sample the reflectivity profile at gate separations 
comparable to ½ a pulse-length. Still, several radars have used or will use shorter gate 
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 separations, particularly when the pulse-length is fairly long (e.g. 1000 m). This is called 
oversampling. Examples are windprofilers and the cloud profiling radars that will be 
employed on the upcoming space mission CloudSat (NASA) and the proposed space 
mission EarthCARE (ESA/JAXA). Typically, they sample at ¼ or ⅛ of the pulse-length. 
 
Equation (1) is mathematically speaking a convolution, with 42 /|| rW the convolution 
kernel. Is it possible to perform a deconvolution, given enough observations P(r0) at 
various distances, and derive a backscatter profile )(rη  that has a higher spatial 
resolution than the original observations? If so, what restrictions are there to the signal-
to-noise ratio of the observations? What should be the gate separation of the oversampled 
observations? We will attempt a preliminary answer to these questions in this note.    
 
METHOD AND DATA 
Equation (1) can be solved numerically through a matrix inversion after discretization. 
Unfortunately matrix inversions are unstable operations, so we apply Tikhonov 
regularisation (Tikhonov & Arsenin 1977). That is, we try to minimize the following 
expression by finding a suitable η , 
 
ηλη 2+−• PA  (2) 
   
where P is a vector containing the observed profile and η is a vector of the backscatter 
profile we want to retrieve. The matrix A contains information on W2/r4 . When the 
regularisation parameter 0=λ , instability of the procedure often causes unphysical 
spikes in the solution. For small 0≠λ , the second term will act as a filter and suppress 
these high frequency components in the numerical solution that are unphysical. The exact 
choice of λ is a study in itself. Usually Expression (2) is minimized for many different 
values of λ , after which the optimal value is chosen based on some criterion that 
compares the various solutions (Hansen 2001). In this note, we only present results for 
the quasi-optimality criterion. Other criteria (i.e. L-curve, generalised cross-validation) 
were examined as well, but were generally found to be inferior. 
 
We will test this method using simulated radar observations based on actual ground-
based 95 GHz SPIDER observations, sampled to 1 km horizontal resolution based on 
prevailing wind-speeds. The simulated observations include correct Rayleigh fading 
statistics of receiver power, as well as correct correlations between range gates. For the 
radar, we have used EarthCARE design parameters, which include a pulse-length of 1000 
m, a gate separation of 100 m (5 times oversampling) and a noise level of -20 dBz. 
 
The number of independent samples Nindep is either 104 or 105. The case Nindep=104 agrees 
with along-track integration over 10 km for the space-borne EarthCARE radar (satellite 
speed ~ 7 km/s). The case Nindep=105  is included to show the effect of the number of 
independent samples. For satellite observations, this would imply along-track integration 
over the ridiculous length of 100 km. But note that ground-based radars can easily 
achieve Nindep=105  for 1 km horizontal resolutions (wind-speed ~ 30 m/s). 
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 DECONVOLUTION OF OBSERVED POWER PROFILES 
We will look in detail at the results for a single profile observed on January 10, 2003 at 
1:08 AM. We have looked at other profiles as well, and have also conducted less detailed 
studies over larger datasets but always found similar results. 
 
In Fig 1, we show the original SPIDER profile (gate separation of 82.5 m, but 
interpolated to 10 m) as a solid line. Based on this, a thousand observations for 
EarthCARE parameters were generated. The blocky dotted line represents the average 
observation, corrected for average noise level. Each observed profile was then 
deconvolved. The average reflectivity of the deconvolved profiles is shown by black dots. 
The horizontal lines extending from these dots represent the 1 σ variation over those 1000 
samples.   
 
In the figure, we see that the deconvolution is very reliable for high reflectivities, but not 
for low reflectivities. Since Eq. 1 and 2 are linear in η , high and low should be 
interpreted relative to typical signal and noise power levels in the profile. When the 
Number of Independent samples increases, the reliability of the deconvolution increases 
as  well. 
 
Note that reliability is not the same as accuracy. The averages and standard deviations in 
Fig. 1 and 2 were computed without any attempt to remove obviously unphysical 
solutions from among the 1000 samples. 
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Figure 1 For a gate separation of 100 m (5 times oversampling), the effect of Nindep  is shown. 
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 Figure 2 shows that the gate separation is also an important factor, as accuracy improves 
when the oversampling is increased. Even though these oversampled observations are 
strongly correlated, they still contain useful independent information. 
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Figure 2 For a gate separation of 25 m (20 times oversampling), the effect of Nindep is shown. 
 
SUMMARY 
Signal-to-noise ratios increase with increasing pulse-lengths, but at the cost of reduced 
range resolution. Oversampled observations can improve the range resolution, but this 
requires a deconvolution. Our results so-far show that such a deconvolution is possible, 
but not always reliable. Further research will concentrate on more reliable deconvolution 
techniques (better criteria for the regularisation parameter) and estimates of the reliability 
of a particular deconvolved profile without additional  knowledge. 
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